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RAPID ACQUISITION OF PREFERENCE IN CONCURRENT CHAINS
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We report two experiments using a concurrent-chains procedure in which one terminal-link schedule
was fixed-interval 8 s and the alternative schedule changed randomly from day to day. In Experiment
1, the alternative schedule varied between 4 s and 16 s according to a pseudorandom binary sequence
similar to the one used by Hunter and Davison (1985). Similar to results with concurrent schedules,
pigeons’ response allocation in the initial link was most sensitive to the schedules arranged in the
current session, although some effect of prior history was evident. Overall sensitivity was lower than
for comparable data from steady-state research. In Experiment 2, a unique value between 2 s and
32 s was used for the alternative-schedule delay in each session. Sensitivity levels were similar to
Experiment 1 and remained unchanged across 61 sessions of training. For all subjects, sensitivity was
greater when the alternative-schedule delay was greater than 8 s compared with when it was less than
8 s. Generalized-matching plots revealed evidence of clustering of data points into two groups for
some pigeons, suggesting that a process similar to a categorical discrimination may have at least
partly determined response allocation. Overall, this research shows that pigeons’ initial-link response
allocation can adjust rapidly to frequent changes in the terminal links.
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Most research on choice has examined be-
havior during the steady state. In a typical
study, subjects are given daily sessions with a
pair of concurrent variable-interval (VI)
schedules until responding stabilizes. The
schedules are then changed for the next con-
dition, and so on. The well-known general-
ized matching relation has been used to de-
scribe asymptotic data from these studies
(Baum, 1974):

B RL Llog 5 a log 1 log b, (1)
B RR R

where B and R indicate response and rein-
forcer rate, subscripted for left and right
choice alternatives. The parameters a and b
provide estimates of sensitivity to reinforcer
ratio and inherent bias, respectively. Equation
1 has provided an excellent description of the
data from concurrent schedules, usually ac-
counting for over 90% of the variance in log
relative response rate (Baum, 1979).

The emphasis on steady-state research,
however, has begun to be complemented by
a growing interest in acquisition—choice in
transition. For example, Mazur and col-
leagues have reported a number of studies on
the development of preference under con-
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current ratio and interval schedules (Mazur,
1992, 1995, 1997; Mazur & Ratti, 1991). In
Mazur’s (1992) Experiment 2, subjects were
first exposed to concurrent VI VI schedules
with equal reinforcement rates. The sched-
ules were then changed such that the overall
reinforcement rate remained constant but
the relative rates differed. The posttransition
schedules were presented for five sessions, by
which time preference appeared to have
reached an asymptote. Mazur reported that
the rate of approach to asymptote was ap-
proximately the same for the different rein-
forcement percentages (60%, 75%, 90%)
that he studied.

Some research by Davison and colleagues
represents a different approach towards
studying choice in transition. Hunter and
Davison (1985) attempted to determine a
‘‘behavioral transfer function’’ for pigeons’
responding under concurrent VI VI sched-
ules. In their experiment, pigeons were
trained with either concurrent VI 60 s VI 240
s or concurrent VI 240 s VI 60 s. Whichever
of these pairs was in effect for a given session
was determined by a 31-step pseudorandom
binary sequence (PRBS). In statistical terms,
the PRBS constituted ‘‘white noise,’’ so that
the reinforcer ratio for a particular session
could not be predicted from the previous ses-
sions’ values. Hunter and Davison reported
an analysis of their results in terms of linear
systems theory and found that response ratio
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in a particular session was largely determined
by the reinforcer ratio in that session and to
a lesser degree by earlier sessions. Their anal-
ysis showed that on average, preference
should reach a stable asymptote after three to
five sessions of training with a particular set
of schedules (cf. Davison & Hunter, 1979).

Davison and McCarthy (1988) reanalyzed
Hunter and Davison’s (1985) data in terms of
an extension of the generalized-matching
law:

B R R0L 0L 1Llog 5 a log 1 a log0 1B R R0R 0R 1R

R2L1 a log 1 · · · 1 log b. (2)2 R2R

In Equation 2, the log response ratio in a giv-
en session is determined additively by a series
of terms representing the reinforcer ratio in
the current and prior sessions. The sessions
are indicated by the subscripts, with 0 for the
current session and 1, 2, . . . for the previous
sessions. Each session has an associated sen-
sitivity parameter (an). Thus Equation 2 pro-
vides a way to describe the influence of re-
inforcer ratio from the current and prior
sessions on choice responding. Davison and
McCarthy found that sensitivity (a0) for the
current session (i.e., Lag 0) was greatest, and
decreased rapidly to zero by approximately
Lag 4.

Schofield and Davison (1997) replicated
and extended Hunter and Davison’s (1985)
work by arranging three different reinforcer
ratios and comparing both independent and
nonindependent schedules (Stubbs & Plis-
koff, 1969). They found that sensitivity (mea-
sured either for the current session, Lag 0, or
the 10 sensitivities summed across Lags 0
through 9) was unaffected by both the size of
the reinforcer ratio and the scheduling ar-
rangement. In Experiment 1, the average of
the pigeons’ Lag-0 sensitivities for response
allocation in the first exposure to the PRBS
condition was 0.55 but increased to 0.78 by
the third exposure. When cumulated across
Lags 0 through 9, average sensitivity in-
creased from 0.86 to 1.18. Thus there was ev-
idence that repeated exposure to a random
environment increased sensitivity to current
conditions (cf. Davison & Baum, 2000; Gallis-
tel, Mark, King, & Latham, 2001; Mazur,

1997; Shettleworth & Plowright, 1992). Be-
cause the sensitivity values were similar to
those obtained in steady-state research, Scho-
field and Davison concluded that the PRBS
procedure was a valid technique for quick de-
termination of sensitivity to reinforcer ratio.
The validity of this claim would require that
individual differences in sensitivity for steady-
state and PRBS designs be positively correlat-
ed, but this was not tested.

Although it is advantageous to have an ef-
ficient method for determining sensitivity,
the PRBS procedure may also yield answers
to important questions. Examples include the
time frame over which recent reinforcement
history controls responding, as well as envi-
ronmental variables that might influence that
time frame. A longer-term goal is to deter-
mine whether results from the PRBS proce-
dure, as well as from more traditional designs
such as the studies of Mazur and colleagues
cited above (Mazur, 1992, 1995, 1997; Mazur
& Ratti, 1991), can be explained by a single
model that might shed light on acquisition
processes.

The present research attempts to extend
the PRBS design to the concurrent-chains
procedure. Here subjects respond during a
choice phase (‘‘initial links’’) to gain access
to one of two mutually-exclusive outcome
schedules that end in reinforcement (‘‘ter-
minal links’’). Because the terminal links are
signaled by distinctive stimuli, concurrent
chains may be viewed as an extension of con-
current schedules in which conditioned, rath-
er than primary, reinforcement controls
choice. The immediacy of primary reinforce-
ment (i.e., the inverse of delay) in the ter-
minal links is a major determiner of prefer-
ence in the initial link according to most
models of concurrent-chains performance
(e.g., Fantino, 1969; Grace, 1994; Mazur,
2001).

Exploring whether choice responding in
concurrent chains under the PRBS design is
similar to concurrent schedules may provide
some insight into the effects of delayed re-
inforcement and the mechanisms underlying
choice. Research on discrimination learning
suggests that the control of choice by condi-
tioned reinforcement may be less effective
than control by primary reinforcement. For
example, Williams and Dunn (1991) con-
ducted several experiments in which rats and
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pigeons completed a series of reversals of a
conditional discrimination. The percentage
of reinforcement for correct responses was
manipulated across conditions, as were the
stimulus conditions following nonreinforced
correct responses. Williams and Dunn found
that reversals were learned more rapidly
when a brief stimulus that accompanied food
following reinforced correct responses was
also produced by nonreinforced correct re-
sponses, compared to when the brief stimulus
was not present. The fastest learning, how-
ever, occurred during conditions in which
100% of the correct responses were rein-
forced with food. Earlier studies also suggest
that rate of discrimination learning is retard-
ed when reinforcers are delayed, although
this effect can be alleviated to some extent by
having distinctive cues (i.e., conditioned re-
inforcers) contingent on the different choice
responses (e.g., Carlson & Wielkiewicz, 1972;
Grice, 1948).

Evidence that acquisition of preference in
concurrent chains may indeed be slower than
in concurrent schedules comes from a recent
study by Grace (2002). In his Experiment 1,
pigeons completed a series of reversals in
which the position of the initial-link key lead-
ing to the richer terminal-link schedule was
varied across successive conditions. All con-
ditions lasted for 20 sessions. Grace studied
all possible transitions between different pairs
of fixed-interval (FI) and VI schedules and
found that a simple linear operator model
gave an excellent account of the results. Ac-
cording to this model, rate of acquisition de-
pends on the combined values of the termi-
nal-link schedules, with higher-valued
schedule pairs producing both faster acqui-
sition as well as more interference (i.e., re-
tarded acquisition when a low-value schedule
pair followed a high-value one). Grace con-
ducted an analysis to determine the number
of sessions required to reach 75% of asymp-
totic preference. For sake of comparison with
Davison and Hunter (1979), we reanalyzed
Grace’s data and found that on average, 13.66
sessions were required to reach 95% of as-
ymptotic preference. This is substantially larg-
er than the four to six sessions to reach sim-
ilar levels of preference in concurrent
schedules reported by Davison and Hunter.
This evidence suggests that rate of change in
preference in concurrent chains is slower

than corresponding changes in concurrent
schedules (see also Mazur, Blake, & Mc-
Manus, 2001). Thus it is unknown whether
pigeons’ choice in concurrent chains will
track day-to-day changes according to a PRBS
design.

We report two experiments in which the
delay associated with one terminal link varied
unpredictably. Pigeons were trained on a con-
current-chains procedure in which the ter-
minal links were FI schedules signaled by red
and green stimuli. The red terminal link was
always an FI 8-s schedule, whereas the delay
associated with the green terminal link varied
from day to day. In Experiment 1, the green-
key delay was either 4 s or 16 s, according to
the 31-step PRBS used by Hunter and Davi-
son (1985). The PRBS was completed three
times. The goal was to determine whether
choice would be controlled primarily by the
delay in the current session, similar to results
with concurrent schedules. In Experiment 2
we explored the effects of using a potentially
infinite number of green-key delays.

EXPERIMENT 1

METHOD

Subjects

Four pigeons of mixed breed, numbered
221 to 224, were maintained at 85% 6 15 g
of their free-feeding weights through appro-
priate postsession feeding. Pigeons were
housed individually in a vivarium with a 12:
12 hr light/dark cycle (lights on at 6:00 a.m.),
with water and grit freely available in the
home cages. Pigeons were experienced with
a variety of experimental procedures.

Apparatus

Four standard three-key operant chambers,
32 cm deep by 34 cm wide by 34 cm high,
were used. The keys were 21 cm above the
floor and arranged in a row 10 cm apart. In
each chamber a houselight that provided
general illumination was located above the
center key, and a grain magazine with a 5 by
5.5 cm aperture was centered 6 cm above the
floor. The magazine contained wheat and was
illuminated when wheat was made available.
A force of approximately 0.15 N was neces-
sary to operate each key. Each chamber was
enclosed in a sound-attenuating box, and an
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Table 1

FI schedule values (in seconds) used for the green (right-
key) terminal link in Experiment 1. The delays were de-
fined according to the 31-step PRBS used by Hunter and
Davison (1985). The values listed below were used for
Pigeons 222 and 224; the values were reversed (i.e., 16 s
5 4 s and vice versa) for Pigeons 221 and 223.

Step Delay

1
2
3
4
5

16
4
4
4

16
6
7
8
9

10

16
4

16
16
16

11
12
13
14
15
16

4
16
4

16
4
4

17
18
19
20
21

4
4

16
4
4

22
23
24
25
26

16
4

16
16
4

27
28
29
30
31

4
16
16
16
16

attached fan provided ventilation and white
noise. Experimental events were controlled
and data recorded through a microcomputer
and MED-PCt interface located in an adja-
cent room.

Procedure

Because the pigeons were experienced,
training started immediately in the first con-
dition. The houselight provided general illu-
mination at all times except during reinforcer
delivery. With few exceptions, sessions oc-
curred daily and at the same time (10:00
a.m.).

A concurrent-chains procedure was used
throughout. Sessions ended after 72 initial-
and terminal-link cycles or 70 min, whichever
occurred first. At the start of a cycle, the side
keys were illuminated white to signal the ini-
tial links. An entry was assigned randomly to
the left or right terminal link with the con-
straint that in every six cycles, three entries
occurred to each terminal link. An initial-link
response produced an entry into a terminal
link if (a) it was made to the preselected key,
(b) an interval selected from a VI 10-s sched-
ule had timed out, and (c) a 1-s changeover
delay (COD) was satisfied—that is, at least 1
s had elapsed following a changeover to the
side for which terminal-link entry was ar-
ranged.

The VI 10-s initial-link schedule did not be-
gin timing until the first response had oc-
curred in each cycle, to allow any pausing af-
ter the completion of the previous terminal
link to be excluded from initial-link time.
The VI 10-s schedule contained 12 intervals
constructed from an exponential progression
(Fleshler & Hoffman, 1962). Separate lists of
intervals were maintained for cycles in which
the left or right terminal link had been se-
lected and were sampled without replace-
ment so that all 12 intervals would be used
three times for both the left and right ter-
minal links each session.

Upon entry into a terminal link, the color
of the side key was changed (left key to red,
right key to green), and the other key was
darkened. Terminal-link responses were re-
inforced according to FI schedules. When a
response was reinforced, all lights in the
chamber were extinguished, and the grain
magazine raised and illuminated for 3 s.

The FI schedule value for the red (left) ter-

minal link was always 8 s, and the value for
the green (right) terminal link was either 4 s
or 16 s across sessions according to a PRBS,
as specified in Table 1. The PRBS consisted
of 31 steps and was the same as that used by
Hunter and Davison (1985), with some minor
deviations. Owing to experimenter error, the
delays for the second and third sequences dif-
fered slightly from the series used by Hunter
and Davison. In the second sequence, the de-
lays for the 18th and 20th steps were reversed
(i.e., 4 s rather than 16 s or vice versa), and
in the third sequence, the delays for the 8th
through 14th steps were programmed for the
7th through 13th steps. The experiment last-
ed for 93 sessions, so that the subjects were
exposed to the pseudorandom sequence
three times.
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Fig. 1. Log initial-link response ratios and log terminal-link reinforcement immediacy ratios across the three PRBS
presentations in Experiment 1. Small gaps in the figure indicate the end of PRBS presentations one and two.

RESULTS AND DISCUSSION

Figure 1 plots the log initial-link response
and terminal-link immediacy ratios (left key
divided by right key) for all subjects across
the three presentations of the PRBS. Each
data point represents performance in a single
session. Individual differences are evident in
Figure 1. For example, responding for Pi-
geons 221 and 223 appears to be more sen-
sitive to the immediacy ratio, as evidenced by
greater shifts in preference from session to
session, than corresponding data for Pigeons
222 and 224. Response patterns for all sub-
jects, however, appeared to track the imme-
diacy ratio by the third PRBS presentation.
Left-key and right-key biases were evident in
the first PRBS presentation for Pigeons 222
and 224, respectively, although these biases
appeared to be largely eliminated by the
third presentation.

For a quantitative assessment of the degree
to which the immediacy ratios from the cur-
rent and previous sessions controlled choice,
a generalized-matching model similar to
Equation 2 was applied to the data:

B 1/D 1/D0L 0L 1Llog 5 a log 1 a log0 1B 1/D 1/D0R 0R 1R

1/D2L1 a log 1 · · · 1 log b. (3)2 1/D2R

In Equation 3, B is initial-link response rate
and D is terminal-link reinforcement delay,
subscripted for both choice alternative (L
and R) and lag (0 through 9). The parame-
ters a0 . . . a9 represent sensitivity to reinforce-
ment immediacy (i.e., reciprocal of delay) at
each lag, and b is inherent bias. Multiple re-
gression analyses were conducted to estimate
sensitivity coefficients from Lag 0 (i.e., cur-
rent session) through Lag 9. Separate analy-
ses were conducted for the three PRBS pre-
sentations. Because the obtained delays were
quite close to those programmed in all cases,
the multiple regressions were based on the
programmed delay ratios.

Figure 2 shows the sensitivity coefficients
for all lags across the three PRBS presenta-
tions. For all subjects, Lag 0 sensitivity in-
creased across the presentations and for the
second and third was the greatest sensitivity
at any lag. For the third sequence, Lag 0 sen-
sitivities varied from 1.84 for Pigeon 221 to
0.47 for Pigeon 224. This confirms the gen-
eral impression from Figure 1 that there were
individual differences in sensitivity and that
responding became more sensitive to the im-
mediacy ratio in the current session with in-
creased training.

Schofield and Davison (1997) found that
Equation 2 provided an excellent fit to their
data, accounting for more than 95% of the
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Fig. 2. Sensitivity to immediacy for Lag 0 through Lag 9 for each PRBS presentation in Experiment 1. The PRBS
presentations are marked as noted in the legend.

variance in 35 out of 36 cases, including sub-
jects’ first exposure to the PRBS procedure.
Equation 3 performed somewhat less success-
fully for the present data, accounting for an
average of only 83% and 66% of the variance
in the first two PRBS presentations. For the
third, however, the average variance account-
ed for increased to 94%, and was greater than
90% for all subjects. This suggests that pi-
geons may require more training in concur-
rent-chain schedules than in concurrent
schedules before responding tracks a termi-
nal-link schedule that changes daily, but that
control over choice does develop.

The PRBS design makes it possible to de-
termine the number of previous sessions over
which the green-key FI schedule values con-
tinue to exert an influence over responding
in the current session. Schofield and Davison
(1997) reported several different analyses to
address the question for their procedure, in-
cluding the average number of sessions for
which the lagged sensitivities are greater than
zero, and the lag at which the sensitivity cu-
mulated until that lag is equal to (or greater
than) the sensitivity cumulated across all lags.
We applied their analyses to the present data

with the following results. (a) The average
number of sessions for which the lagged sen-
sitivities were positive was 4.0, 5.0, and 4.25
for the three PRBS presentations, respective-
ly. These values are similar to those reported
by Schofield and Davison, which ranged from
4.2 to 5.7. (b) The average lag value for which
cumulated sensitivity was equal to or greater
than the sensitivity cumulated across all 10
lags was 6.5, 4.5, and 5.25 for the three PRBS
presentations. Again, these are similar to
Schofield and Davison’s results, which ranged
from 5.2 to 5.8. One final method is to de-
termine the number of lag coefficients that
are statistically significant. We report this
analysis only for the third sequence, for
which Equation 3 provided an excellent fit
for all subjects. For Pigeons 221 and 223, only
the Lag 0 coefficient was significant. Lag 0
and Lag 1 were significant for Pigeon 222,
and Lags 0 through 3 were significant for Pi-
geon 224. Thus by the third PRBS presenta-
tion preference was largely determined by
the immediacy ratio in the current session,
although there were still detectable effects of
previous sessions that varied across subjects.
All of these results are consistent with those
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Fig. 3. Sensitivity to immediacy for Lags 0 through 3 determined separately for each session sixth. Cumulative sensitivity
(Lags 0 through 9) is shown by the dashed line. Data are from the third PRBS presentation in Experiment 1.

of Hunter and Davison (1985) and Schofield
and Davison for concurrent schedules.

Davison and McCarthy (1988) suggested
that the sensitivity cumulated across all lags
might serve as an estimate of overall sensitiv-
ity to reinforcement. Schofield and Davison
(1997) found that their cumulative sensitivity
values were similar to sensitivity parameters
obtained in parametric steady-state designs
(0.86 for response allocation and 1.04 for
time allocation, respectively). This suggests
that the PRBS procedure, in which sensitivity
to reinforcement can be determined in a sin-
gle condition, might be used instead of tra-
ditional designs requiring four or five condi-
tions for rapid determination of sensitivity to
reinforcer ratio. One question posed by the
present research is whether an analogous re-
sult would hold for concurrent chains.

To address this issue, we computed the cu-
mulative sensitivities for all subjects for the
third PRBS presentation. The values were: Pi-
geon 221: 2.19; Pigeon 222: 0.91; Pigeon 223:
1.05; and Pigeon 224: 1.18. With the excep-
tion of Pigeon 221, these values are generally
low compared with steady-state research:
Grace (1994) reported that average sensitivity
values for 12 studies using FI terminal links
in concurrent chains was 2.68.

One explanation for the relatively low cu-
mulative sensitivity values is that preference
for the shorter terminal link developed grad-
ually over the course of the session. If this
were true, then the cumulative sensitivities re-
ported above might reflect aggregating across
nonhomogeneous responding. Thus we re-
peated the multiple regression analysis for
the third PRBS presentation separately for
data from successive sixths (12-reinforcer
blocks) of each session. The results are shown
in Figure 3 (for Lags 0 through 3, as well as
cumulated across all 10 lags). For all subjects,
Lag 0 sensitivity increased over the course of
the session, and Lag 1, 2, and 3 sensitivities
generally decreased. By the end of the ses-
sion, sensitivity at Lag 0 was approximately
equal to the cumulative sensitivity, indicating
no contribution of earlier sessions—that is,
that control was entirely based in the current
session. This indicates that response alloca-
tion changed in a systematic way during the
session. The subjects, however, showed two
distinct patterns of adaptation.

For Pigeons 221 and 223, cumulative sen-
sitivity increased across the session, driven
largely by Lag 0 sensitivity (which was greater
for these 2 pigeons than it was for Pigeons
222 and 224). There was relatively substantial
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Fig. 4. The log initial-link response ratio across successive twelfths of the session, shown separately for sessions in
which the green-key FI schedule value was 4 s and 16 s. Data are from the third PRBS presentation in Experiment 1.

control by previous sessions during the first
sixth for Pigeon 221, as evidenced by a cu-
mulative sensitivity greater than 1 and sensi-
tivity coefficients that were statistically signif-
icant for both Lags 1 and 2 (in addition to
Lag 0). There was rather less control by prior
sessions for Pigeon 223, as demonstrated by
a cumulative sensitivity near zero. The Lag 1
coefficient, however, was still statistically sig-
nificant during the first sixth for this pigeon
(in addition to Lag 0).

Responding changed in a different way for
Pigeons 222 and 224. Cumulative sensitivity
decreased across the session until it was ap-
proximately equal to Lag 0 sensitivity. The
pattern was especially dramatic for Pigeon
224, where the cumulative sensitivity during
the first sixth was 2.09. Sensitivity coefficients
were statistically significant up to Lag 5 and
were positive for all lags. In contrast, the max-
imum Lag-0 sensitivity attained in the final
sixth was 0.69. This shows that for Pigeon 224
there was strong control of responding by pri-
or history early in the session, but this weak-
ened over the course of the session and the
current immediacy ratio acquired control.
Because prior history (up to five previous ses-
sions) would again show control at the start
of the next session, this phenomenon is sim-

ilar to spontaneous recovery (cf. Mazur,
1995).

One disadvantage of the multiple regres-
sion analyses reported here is that they do
not distinguish between sessions in which the
green-key FI schedule was 4 s and ones in
which it was 16 s. Yet responding may adapt
differently depending on whether the varied
delay is shorter or longer than the delay that
is constant across sessions (i.e., FI 8 s). Figure
4 shows log response ratio across successive
twelfths of the session, separately for sessions
in which the green-key delay was 4 s and 16
s. The data are taken from the third PRBS
presentation. No subject responded differ-
entially during the first twelfth of the session
(i.e., six terminal link cycles), although Pi-
geon 221 showed a strong bias towards the
right key, which was associated with the green
terminal link. Responding for Pigeon 222 was
slightly biased towards the left key (red ter-
minal link), whereas Pigeons 223 and 224
showed virtually no bias.

For all subjects, response allocation shifted
in favor of the shorter delay across the session
for both 4-s and 16-s green-key delays. The
extent of change for the 4-s and 16-s sessions,
however, varied. Measured as the difference
between the first and twelfth data point and
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expressed so that positive values indicate
stronger preference for the shorter delay, the
extent of change for 4-s and 16-s green-key
sessions, respectively, were: Pigeon 221: 0.46,
1.06; Pigeon 222: 0.23, 0.14; Pigeon 223: 0.14,
0.81; and Pigeon 224: 0.07, 0.42. For 3 of 4
pigeons (the exception being Pigeon 222),
the magnitude of the shift towards the short
delay was substantially greater for 16-s com-
pared with 4-s green-key sessions. For Pigeon
222, the shift was somewhat larger for the 4-
s sessions, although the difference was small
compared with the other pigeons.

The larger shifts overall when the green-
key schedule was FI 16 s suggest that the log
immediacy ratio may not have been the sole
variable controlling choice, as assumed by
Equation 3. Because the log immediacy ratios
for 4-s and 16-s green-key delays differed only
in sign, the effect on behavior should have
been equivalent, though opposite in direc-
tion. Yet the discrimination between FI 8 s
and FI 16 s produced a greater change within
session than that between FI 8 s and FI 4 s.
This is consistent with the so-called ‘‘termi-
nal-link effect,’’ in which preference between
a pair of schedules in constant ratio becomes
more extreme as their absolute duration in-
creases (MacEwen, 1972; Williams & Fantino,
1978). This comparison may be problematic,
however, because these prior studies exam-
ined steady-state behavior, not choice in tran-
sition.

Another possibility is that specific response
patterns, analogous to decision rules,
emerged to control choice. For example, Pi-
geon 223 responded about equally to both
initial links, unless the green-key delay was 16
s, in which case allocation sharply shifted to
the left key (see Figure 4). This pattern might
be summarized as ‘‘avoid the long delay.’’
The strong bias towards the right key shown
by Pigeon 221 at the start of the session, cou-
pled with a rapid shift towards the left when
the delay was 16 s, suggests an effective strat-
egy of ‘‘assume the delay is 4 s; if not, switch
to the left key.’’ Although these interpreta-
tions are speculative, the different patterns of
adaptation to 4-s and 16-s green-key delays
pose a difficulty to any account of responding
in the PRBS procedure purely in terms of the
log immediacy ratio.

Although the second and third PRBS se-
quences differed slightly from the first, there

is no reason to suspect that this discrepancy
compromised the results in any way. The mul-
tiple regressions were based on the delays
that were actually programmed, and so the
differences between the sequences posed no
difficulty in terms of performing the analyses.
The second and third sequences were less
balanced in terms of the green-key delays:
For the first PRBS sequence, there were 15
sessions with 4 s and 16 sessions with 16 s for
Pigeons 222 and 224, compared with 13 ses-
sions with 4 s and 18 sessions with 16 s for
the second and third sequences. But the de-
lays were counterbalanced in each session
across pigeons, so that the sequences for Pi-
geons 221 and 223 were imbalanced in the
opposite way. Moreover, individual differenc-
es in sensitivity were consistent, with Pigeons
221 and 223 showing the greatest sensitivity
to Lag 0 immediacy across all three sequenc-
es. Thus it is unlikely that the differences be-
tween the sequences affected the results.

Overall, these results show that response al-
location in the initial links of concurrent
chains can be controlled primarily by the ter-
minal-link FI schedules in the current session
when one of those schedules changes unpre-
dictably from day to day. Reinforcement im-
mediacy from previous sessions has a measur-
able effect on responding, especially early in
the session (Figure 3). By the last sixth of the
session, however, there was little influence of
history; behavior was almost exclusively con-
trolled by the current schedule parameters.
One important caveat, though, is that com-
pared with Schofield and Davison’s (1997) re-
sults with concurrent schedules, the sensitiv-
ity cumulated across lags (with the exception
of 1 subject) fell short of typical values ob-
tained with steady-state research.

EXPERIMENT 2

Experiment 1 demonstrated that response
allocation could come under control of the
green-key delay when it varied unpredictably
across sessions between 4 s and 16 s. One lim-
itation, however, was that only a single pair of
relative immediacy values was used. Because
changes in response allocation within session
were overall greater with 16-s than 4-s green-
key delays (see Figure 4), the pigeons’ behav-
ior may not have been controlled by the im-
mediacy ratio. Thus it is impossible to know
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whether the Lag 0 coefficients reflected true
sensitivity to relative immediacy, as opposed to
a systematic response pattern (e.g., avoid the
long delay). Such patterning might explain
why the cumulative sensitivity coefficients di-
verge from those obtained in steady-state re-
search (cf. Baum, Schwendiman, & Bell,
1999).

One way to discover whether relative im-
mediacy can control preference in a variable
environment is to increase the number of
green-key delays. In Experiment 2, the FI
schedule values for the green key were deter-
mined pseudorandomly from session to ses-
sion, such that they varied between 2 s and
32 s and were logarithmically distributed (i.e.,
the log schedule values were uniformly dis-
tributed). In this way, the resulting range of
possible immediacy ratios was 1:4 to 4:1, and
ratios were uniformly distributed (in logarith-
mic terms) around 1:1. At issue was whether
response allocation would be a continuous
function of the immediacy ratio, or if subjects
would respond differently depending on
whether the green-key delay was less than or
greater than 8 s, as would be expected from
a response strategy. Also of interest was
whether an equivalent degree of control over
responding would be observed as in Experi-
ment 1.

METHOD

Subjects
The same pigeons used in Experiment 1

served as subjects.

Apparatus
Same as Experiment 1.

Procedure
Training for Experiment 2 began immedi-

ately after the completion of Experiment 1
and lasted for 61 sessions. The concurrent-
chains procedure was identical in all respects
to that used in Experiment 1, except that a
different FI schedule value for the right ter-
minal link (i.e., green key) was used in each
session. Green-key delays were the same for
all subjects in each session, and were deter-
mined as follows. The pseudorandom num-
ber tool in Microsoftt Excel was used to gen-
erate a list of random numbers that were
uniformly distributed between 1 and 5. The
antilog (base 2) of each number was then tak-

en, yielding a distribution of numbers be-
tween 2 (21) and 32 (25), with approximately
half the values less than 8 (i.e., 23). These
numbers were used as the FI schedule values
for the green-key terminal link for all sub-
jects.

The list of green-key schedule values is pro-
vided in the Appendix. The geometric mean
value was 7.34; the arithmetic mean was 9.65.
Thirty-two of the values were less than 8 s;
twenty-nine were greater than 8 s.

RESULTS AND DISCUSSION

Figure 5 shows the log initial-link response
ratios and log terminal-link immediacy ratios
for each session in Experiment 2. Apparently
all pigeons could track changes in the im-
mediacy ratio, although individual differenc-
es were evident. For example, data for Pigeon
221 show the most extreme changes in re-
sponding, as in Experiment 1. It is unclear
whether sensitivity to immediacy changed
across sessions.

To determine whether response allocation
was becoming more sensitive to the immedi-
acy ratio across the course of training, we con-
ducted a series of generalized-matching anal-
yses using the following equation:

B 1/DL Llog 5 a log 1 log b. (4)
B 1/DR R

For each consecutive block of 10 sessions, the
sensitivity to relative immediacy (a in Equa-
tion 4) was determined by linear regression.
The results are shown in Figure 6. For all pi-
geons, sensitivity did not change systematical-
ly over the course of training. Thus for all
subsequent analyses we pooled the data
across the 61 sessions.

One question posed by Experiment 2 was
whether response allocation could still be
controlled by the immediacy ratio in the cur-
rent session when the green-key delay was
completely random and not restricted to two
values. A multiple regression analysis using
Equation 3 was carried out. The sensitivity co-
efficients for each lag are shown in Figure 7.
Sensitivity was greatest at Lag 0 for each pi-
geon, and decreased afterwards for greater
lags. The largest Lag-0 coefficient was once
again obtained for Pigeon 221, confirming
the visual impression from Figure 6.

The variance accounted for by Equation 3
varied across subjects. The values were: Pi-
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Fig. 5. Log initial-link response ratios and log terminal-link reinforcement immediacy ratios for Experiment 2.

Fig. 6. Sensitivity to reinforcement immediacy over the last 10 sessions in Experiment 2. Sensitivity values were
determined using Equation 4, and are shown for sessions 10 through 61.

geon 221, 79%; Pigeon 222, 82%; Pigeon 223,
93%; and Pigeon 224, 76%. With the excep-
tion of Pigeon 223, these values are lower
than those obtained for the third PRBS pre-
sentation in Experiment 1. This might be at-
tributed to the greater variation in log im-
mediacy ratios in Experiment 2.

Next we conducted a set of further analyses
to determine the extent to which prior ses-

sions controlled behavior. The average num-
ber of lags for which the coefficients re-
mained positive was 5.5. The average lag for
which sensitivity cumulated until that lag was
greater than or equal to sensitivity cumulated
across all 10 lags was 6.0. The coefficients for
Lag 0 through 2 were statistically significant
for Pigeon 222, Lag 0 and 1 coefficients were
significant for Pigeons 223 and 224, and only
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Fig. 7. Sensitivity to immediacy for Lag 0 through Lag 9 in Experiment 2. Data for individual subjects are noted
in the legend.

Lag 0 was significant for Pigeon 221. All of
these results are similar to those obtained in
Experiment 1, and suggest that response al-
location was largely controlled by the imme-
diacy ratio in the current session, although
several prior sessions’ influence was detect-
able.

We also wanted to test whether sensitivity
cumulated across all lags would be approxi-
mately equal to sensitivity values obtained in
traditional steady-state designs, as Schofield
and Davison (1997) reported for concurrent
schedules. The cumulative sensitivity values
were: Pigeon 221, 1.87; Pigeon 222, 1.65; Pi-
geon 223, 0.80; and Pigeon 224, 1.06. As in
Experiment 1, these values are lower than
those commonly obtained in steady-state de-
signs with FI terminal links (Grace, 1994).

To determine whether sensitivity changed
systematically within sessions, we analyzed
data by each session sixth. Results are shown
in Figure 8 for Lags 0 through 3, and cu-
mulated across Lags 0 through 9. Similar to
Experiment 1, Lag 0 sensitivity began at a low
level for all subjects and increased during the
session. Sensitivities for Lags 1 through 3 also
decreased after the first sixth. In contrast to
Experiment 1, cumulative sensitivity did not
change systematically for any subject, al-
though there is some evidence that Pigeons
221 and 224 showed increasing and decreas-

ing trends, respectively, as these pigeons did
in Experiment 1 (cf. Figure 3).

Overall, the results of the preceding anal-
yses are similar to Experiment 1 and suggest
that choice was controlled by the green-key
delay to about the same degree, regardless of
whether the delay was sampled from two val-
ues or an infinite population of values.

A major purpose of Experiment 2 was to
determine whether responding would be a
continuous function of the green-key delay.
Such a result is implied by models for choice
such as Grace’s (1994) contextual choice
model and Mazur’s (2001) hyperbolic value-
added model. According to these models,
choice in the initial links is determined by the
value of the terminal-link schedules, where
value is a continuous function of reinforce-
ment delay. The process that determines val-
ue should be the same regardless of whether
the green-key delay was less than or greater
than 8 s.

We conducted two analyses to determine
whether responding was a continuous func-
tion of the green-key delay. First, we comput-
ed sensitivity to relative immediacy by apply-
ing Equation 4 to the data from each sixth of
the session. Data were divided into two sets
depending on whether the green-key delay
was less than or greater than 8 s. Figure 9
shows the sensitivity values separately for the
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Fig. 8. Sensitivity to immediacy for Lags 0 through 3 determined separately for each session sixth in Experiment
2. Cumulative sensitivity (Lags 0 through 9) is shown by the dashed line.

Fig. 9. Sensitivity to immediacy shown separately for sessions in which the green-key delay was less than or greater
than 8 s, for each session sixth in Experiment 2. Sensitivity values were determined using Equation 4.

two sets. In every comparison (24 out of 24
cases), sensitivity was greater when the green-
key delay was greater than 8 s. Moreover, sen-
sitivity increased within sessions in seven out
of eight cases (the exception being Pigeon
221, delays , 8 s).

To provide a more detailed examination of
the change in sensitivity within sessions, Fig-
ure 10 plots the log initial-link response ratio
as a function of the log green-key delay for
the first and sixth session sixths. Shown in all
panels are regression lines computed sepa-
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Fig. 10. Scatterplots of the log initial-link response ratio as a function of the log green-key delay, shown for both
the first sixth (left panels) and last sixth (right panels) of each session. Each data point indicates responding from
a single session. The lines in the right panels indicate best-fitting regressions estimated separately for delays that were
less than or greater than 8 s.
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rately depending on whether the delay was
less than or greater than 8 s. Figure 10 shows
that at the start of a session (left panels), re-
sponding was largely undifferentiated; the
data points have a great deal of scatter. Nev-
ertheless, for all subjects the regression slope
(which measures sensitivity to relative imme-
diacy) was steeper when the delay was greater
than 8 s, consistent with Figure 9. By the last
sixth of the session (right panels), the slopes
increased for all subjects, as well as the size
of the difference in slopes depending on
whether the delay was less than or greater
than 8 s.

Apart from the increases in slope across the
session, there is also a tendency for the data
points to fall into two separate clusters. This
pattern is especially pronounced for Pigeon
221, where the two clusters are well separat-
ed. Pigeon 221 also demonstrates the largest
difference in sensitivity depending on wheth-
er or not the delay was less than 8 s. Although
the separation is not nearly so dramatic, ar-
guably there is some evidence of similar clus-
tering for the other pigeons (e.g., Pigeon
222).

The clustering of data points is consistent
with the notion that the process determining
choice in Experiment 2 resembled a categor-
ical discrimination. One of two response pat-
terns emerged, depending on whether the
green-key delay was less than or greater than
8 s. Additional evidence in support of this
view is that for some of the pigeons, delays
greater than 8 s sometimes were ‘‘miscatego-
rized.’’ For example, for Pigeon 221 the log
response ratio for one delay greater than 10
s falls into the cluster with the shorter delays.
In any event, Figures 9 and 10 strongly sug-
gest that delays less than and greater than 8
s did not have equivalent but opposite effects,
as would be expected if the immediacy ratio
were the controlling variable. Instead, all pi-
geons showed some evidence of differential
sensitivity, depending on whether the green-
key delay was less than or greater than 8 s.

GENERAL DISCUSSION

The present research demonstrates that re-
sponse ratio during the initial links of con-
current chains can adjust far more rapidly to
changes in the terminal links than previous
studies have shown. In Experiment 1, the

green-key terminal-link FI schedule was var-
ied between 4 s and 16 s according to a PRBS,
whereas the red-key schedule was always FI 8
s. Sensitivity to the log immediacy ratio in the
current session (Lag 0) increased across the
three PRBS presentations and was consistent-
ly larger than sensitivity coefficients for the
preceding nine sessions (i.e., Lags 1 through
9). For the third PRBS presentation, the av-
erage variance accounted for by a general-
ized-matching model was 94%. These results
are similar to those obtained with concurrent
schedules (Schofield & Davison, 1997).

Sensitivity to relative immediacy in Experi-
ment 1, cumulated across lags, was less than
that obtained in steady-state research, how-
ever. Schofield and Davison (1997) reported
that cumulative sensitivity in their procedure
was approximately equal to steady-state val-
ues. Averaged across subjects, cumulative sen-
sitivity in Experiment 1 was 1.33, which is sub-
stantially lower than the value of 2.68
reported by Grace (1994) as the sensitivity to
relative immediacy averaged across 12 archi-
val studies of preference in concurrent chains
with FI terminal links. The relatively small cu-
mulative sensitivity may suggest that control
of choice by conditioned reinforcers is weak-
er than by primary reinforcers or that the
conditioned values of the terminal-link stim-
uli do not reach asymptotic levels when
schedules are changed every session.

A finding inconsistent with Equation 3 was
that relative initial-link responding in Exper-
iment 1 changed to a greater extent within
session when the green-key delay was 16 s
rather than 4 s. Although individual pigeons
differed, this pattern was dramatic for some
pigeons (see, e.g., Pigeon 223 in Figure 4).
Whatever the explanation for this result may
be, one implication is that the reinforcement
immediacy ratio may not control choice in a
simple way. Because the log immediacy ratios
were equal but opposite in sign depending
on whether the green-key delay was 4 s or 16
s, Equation 3 would predict equal but oppo-
site effects on behavior.

Experiment 2 tested the effects of using a
wide range of immediacy ratios. The green-
key delay across sessions was determined
pseudorandomly such that it varied between
2 s and 32 s, and log immediacy ratios were
evenly distributed around 1:1 (i.e., 8-s green-
key delay). Control over responding by the
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current session’s delays was approximately
the same as in Experiment 1 right from the
beginning. No systematic changes in sensitiv-
ity occurred during the course of training in
Experiment 2. The Lag-0 and cumulative sen-
sitivity coefficients were not systematically dif-
ferent from Experiment 1 (Figures 2 and 7).

Sensitivity to relative immediacy in Experi-
ment 2, however, was greater when the green-
key delay was greater than 8 s than when it
was less than 8 s. This difference was obtained
for all pigeons across each session sixth (Fig-
ure 9). This implies that subjects may not
have been making a discrimination simply on
the basis of the log immediacy ratio. More
provocative was the apparent clustering of
data points into two groups by the last sixth
of the session (Figure 10). This clustering was
clearly obtained for Pigeon 221, although
data for the other subjects showed a tendency
towards it. The clustering in Pigeon 221’s
data is consistent with a categorical discrimi-
nation in which differential responding
would occur depending on whether the
green-key delay was greater or less than 8 s.

This finding has potential implications for
theoretical accounts of choice. Although the
empirical validity of the generalized matching
law and related models as descriptors of
choice is well established (Baum, 1974, 1979;
Davison, 1983; Grace, 1994; Logue, Rodri-
guez, Pena-Correal, & Mauro, 1984), an un-
derstanding of the molecular processes con-
trolling choice has been more difficult to
determine. For example, Williams (1994)
identified two possible response rules that
could yield approximate matching at the mo-
lar level. One rule assumed that matching was
the fundamental process determining re-
sponding, so that responses were emitted in
proportion to their response strengths. Ma-
zur’s (1992) model for acquisition in concur-
rent schedules provides an example of this
approach (see also Grace, 2002). Another
possibility is a ‘‘winner-take-all’’ rule, in which
strengths are computed separately for the dif-
ferent alternatives and responding occurs to
whichever alternative has the greater strength
at that moment. The sample-and-comparison
process assumed by scalar expectancy theory
(Gibbon, Church, Fairhurst, & Kacelnik,
1988) represents such a winner-take-all rule.
These two types of choice processes are sim-
ilar to Gallistel and Gibbon’s (2000) distinc-

tion between ‘‘opting’’ and ‘‘allocation’’ pro-
cesses. They proposed that an allocation
process, in which responses were emitted in
proportion to their strength, controlled
choice on concurrent schedules. For concur-
rent chains, they suggested that an opting
process, in which organisms responded to
whichever alternative had the greatest value
at that point in time, determined responding.

The clustering of data points evident in the
data for Pigeon 221 is consistent with a win-
ner-take-all or opting account of choice (see
Figure 10). The argument is similar to that in
favor of a categorical discrimination: The
clustering suggests that one of two basic re-
sponse patterns emerged, depending on
which terminal-link delay was shorter. Rela-
tive responding within each of the clusters,
however, was still positively related to relative
immediacy.

Another possibility is that the enhanced
sensitivity to relative immediacy with green-
key delays greater than 8 s is due to the in-
creased overall duration of the terminal links.
It is well known that in concurrent chains,
preference between a pair of terminal-link
schedules in constant ratio becomes more ex-
treme when their absolute duration increas-
es—a finding known as the terminal-link ef-
fect (Williams & Fantino, 1978). According to
Grace’s (1994) contextual choice model, the
ratio of the average terminal- to initial-link
durations modulates sensitivity to reinforce-
ment immediacy. Because the average termi-
nal-link duration increases as the green-key
delay increases, Grace’s model predicts that
sensitivity should be greater when the green-
key delay is greater than 8 s. But this predic-
tion requires that adjustment to overall du-
ration occurs within single sessions, and it is
unknown whether these effects occur so rap-
idly. In addition, Grace’s model cannot ac-
count for the apparent clustering of data
points in Figure 10.

Overall, these experiments demonstrate
that initial-link choice of pigeons in concur-
rent chains can adapt rapidly to daily changes
in one of two terminal-link FI schedules. In
addition to their potential theoretical signifi-
cance, these results have procedural import
as well. Given the length of training required
for steady-state designs (often 30 or more ses-
sions per condition), procedures similar to
Experiment 2 can be used to expose subjects
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to a large number of delays very quickly.
Many questions for future research remain,
including whether similar changes in prefer-
ence would occur if both FI schedules were
changed from day to day. These procedures
might also shed light on the behavioral pro-
cesses responsible for molar regularities in
choice.
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APPENDIX

List of FI schedule values (in seconds) for the green key
used in Experiment 2.

Schedule values (s)

2.01
9.13

19.91
2.07
8.68

20.50
11.64
11.41
5.06
3.33
3.12

21.89
15.45
2.16
5.07

10.62
9.11
2.31
4.79
4.85
2.20

21.89
7.86

12.02
5.22
5.90
7.62
2.49
8.38
7.43
6.79

10.50
14.98
14.19
13.19
7.70

29.57
2.33

27.03
2.86

18.38
4.31
3.89
2.40
4.17

13.36
15.15
2.59

16.22
4.30
6.41

13.27
21.88
16.55
3.61
8.07

26.81
8.75
3.01
5.01
7.54


